Extended Physiology of an Insect-Built Structure
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T he savannas of southern Africa are dotted with the spectacular mounds of the fungusgrowing termites of the genus Macrotermes (Termitidae: Macrotermitinae). These mounds can reach several meters high and represent a colossal engineering project for the termites that build them (Fig. 1) .
The mound is a respiratory device, built to capture wind energy to ventilate the subterranean nest. The need for ventilation is acute. A typical Macrotermes nest contains roughly a million workers and a substantially larger biomass of the fungi they cultivate. Collectively, these organisms consume oxygen at rates similar to that of large mammals. By various estimates, a single Macrotermes colony is the metabolic equivalent of a goat or a cow.
Macrotermes mounds are also external organs of homeostasis. The composition of the nest atmosphere is tightly regulated. Typically, oxygen concentrations in the nest are 2% lower than the surrounding air, carbon dioxide concentrations are commensurably higher, and nest humidities are very high. These conditions are maintained throughout the year, and in the face of considerable variation of metabolic demand from the colony. Such stability can only come about if the termites can match ventilation rate with the colony's respiration rate. They do this by making the mound a "smart" structure, which means that it must also be a dynamic structure. Soil is continually eroded from the mound and is replaced by soil carried by termites out to the mound surface. Roughly a cubic meter of soil moves through the mound each year in this way. The mound's architecture is therefore shaped by the relative rates and patterns of erosion from, and deposition to, the mound. For the mound to be an organ of homeostasis, these patterns of active soil movement must be coupled to the composition of the nest's atmosphere. For example, excessive ventilation rates would produce patterns of soil transport that reduce the mound's capture of wind energy. Insufficient ventilation would elicit soil transport patterns that enhance the capture of wind energy.
How this coupling works is the focus of my research, which is underway in the southern African country of Namibia. The work is sponsored by the National Science Foundation and is aided by the National Museum of Namibia and the Namibian Ministry of Agriculture and Rural Development. The latter administers the Omatjenne Research Station near Otjiwarongo, where the work is based.
Fig. 1. The Macrotermes mound is a closed
conical shape that has a complex internal architecture. a. The mound comprises a conical base topped by a northwardpointing spire. b. The mound is filled with a complicated tunnel network, shown here as a plaster cast after the outlying soil has been washed away. c. A vertical section through a mound reveals the location of the subterranean nest and the large chimney that is excavated in the mound interior. d.
The mound also contains a complicated network of lateral connectives, tunnels that connect the chimney with the more superficial tunnels. e. Termites gain access to the surface through a network of fine egress tunnels that extend from superficial surface conduits to the outer surface. The egress tunnels make the mound porous, facilitating gas exchange. f. A cross-section through the subterranean nest reveals the fungus combs in their galleries and the base of the chimney. (Photos a, b, d , and e are courtesy of Rupert Soar and Richard Eastgate).
The mound's adaptive architecture is derived from its typical response to injury. Any disturbance to the mound's structure elicits a two-phase repair project (Fig. 2) . The first phase is a repair phase that involves building an initial network of tunnels and walls around the site of injury and culminates in sealing the internal tunnels that lead to the injury. The repair phase is commonly completed within about a day and produces a severely distorted pattern of air flows in the mound. There follows an extensive remodeling phase, which lasts roughly six months to a year. The tunnel network built during the repair phase is remodeled to restore air flows to what they were previously. Homeostasis of the nest atmosphere is therefore also homeostasis of nest structure. Perturbation of mound structure perturbs the nest atmosphere, which elicits a response that restores the mound to its initial architecture and to the function that went with it. The mound is, in essence, embodied physiology.
Mound structure and function are probably linked through termites' transport of soil during which they are being guided by "gaseous templates" within the mound (Fig. 3) , akin to the templates that supposedly govern the architecture of the two-dimensional nests of Leptothorax ants. The nest is a powerful source of respiratory waste gases such as carbon dioxide. This imposes a field of carbon dioxide concentration within the mound. The field acts as a template around which the mound is molded. Nest homeostasis is largely a matter of refining the feedbacks that link the shape of the gaseous template to the patterns and rates of soil transport by the termites.
My research program is aimed at identifying and experimentally testing these feedbacks. The principal method involves implanting large-diameter PVC (110mm) pipes into mounds and inducing termites to carry out repair work within them (Fig. 2) . I can then characterize the architecture of the tunnel networks that are built, examine how gases move through these structures as they develop and change, and observe the structural and physiological consequences of perturbing the atmosphere within the pipe.
Among the early findings is the important role that ongoing disturbance of the mound plays in its ability to confer homeostasis. The initial build during the repair phase is driven largely by a positive-feedback process called stigmergy. Here, termites embed grains of soil in a salivary secretion that emits a pheromone that induces other termites to also deposit grains of soil there. Deposition thus elicits more deposition, which elicits still more deposition, and so on. In its initial stages, stigmergy builds the arrays of walls and pillars that produce a "spongy" network of tunnels that is eventually capped. Left unimpeded, though, stigmergic building invariably leads to the initial spongy build being filled in to produce a solidly packed mass of soil. Pushing the system into the remodeling phase seems to require breaking the stigmergy positive-feedback loop before it can produce solidly packed soil.
In the intact colony, much of the ongoing disturbance is probably environmental. For example, winds disturb patterns of air flow within the mound and distort the gaseous template that molds the mound's structure. Building the mound upwards, for example, thrusts the structure into more energetic winds and creates greater distortion of the upper parts of the gaseous template. This drives the largely upward transport of soil that forms the spire. A considerable degree of disturbance is internal to the colony, mostly at the behest of these termites' culture of symbiotic fungi. These basidiomycete fungi (genus Termitomyces) are cultivated on special structures called fungus combs, built by the termites from macerated raw forage (grass and wood) that is passed quickly through the gut and inoculated with spores. The fungus combs are housed in special galleries that occupy most of the nest interior (Fig. 1) .
The fungi, not the termites, are the largest perturbers of the nest atmosphere. Their collective metabolism is thought to exceed the termites' by nearly five-fold. This intense metabolic activity generates sufficient heat to distort the gaseous template and affect mound structure. This is why, for example, Macrotermes mounds commonly sport vertical spires and chimneys. It is also why other mound-building termite species such as Trinervitermes, which lack large fungal biomass and the disturbance it brings, build hemispherical mounds (Fig. 3) , despite having essentially the same repertoire of building behaviors as Macrotermes.
Termitomyces also physically disturb the mound. Each year, the fungi produce mushrooms that grow from the fungus garden and erupt at the mound's surface. These mushrooms rot quickly, opening up a direct passageway to the nest's interior through the space left by the rotting stipe. Sites of mushroom emergence are sites of intense building and repair activity by termites. This is probably a significant driving force in the growth and lateral expansion of the mound.
The Macrotermes mound, therefore, may not be so much of a termite-built structure as it is a fungus-built structure, effected by agents of homeostasis, the worker termites. It may not be the termites that are cultivating the fungi, but the other way around.
Acknowledgments
Original work reported here is sponsored by a grant from the National Science Foundation to the author, and by a grant from the Engineering and Physical Sciences Research Council to Rupert Soar.
Related Readings
